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Main text 24
Many viruses globally dampen cellular gene expression as a way to reduce 25 activation of immune pathways and reallocate resources. This host shutoff phenotype is 26 enacted by a variety of mechanisms, but select viruses from at least three different viral 27 subfamilies, alphaherpesviruses, gammaherpesviruses and betacoronaviruses, block host 28 gene expression by promoting global mRNA degradation (2, 6, 11, 13, 19) . Although 29 they all target a similar stage of gene expression and exhibit several mechanistic 30 similarities, the viral factors that cause mRNA degradation are unrelated. RNA turnover 31 in alphaherpesviruses such as herpes simplex virus 1 (HSV-1) is induced by vhs (14, 18) 32 a nuclease of the FEN1 family (3). In contrast, gammaherpesviruses use their alkaline 33 exonuclease homolog, a member of the PD-(D/E)XK restriction endonuclease 34 superfamily termed SOX in Kaposi's sarcoma-associated herpesvirus (KSHV) (6), 35 BGLF5 in Epstein Barr virus (EBV) (19) and muSOX in murine herpesvirus 68 36 (MHV68) (2). mRNA degradation induced by the betacoronavirus SARS coronavirus is 37 carried out by nsp1, a protein with no known similarity to cellular or viral nucleases (11). 38
Although host mRNA degradation has not directly been tested during infection with other 39 betacoronaviruses, the nsp1 proteins of some bat betacoronaviruses can also cause 40 mRNA degradation (21). 41
Interestingly, each of these proteins has been described through studies in vitro or 42 in cells to be active in and/or localized to translation complexes (1, 5, 10, 20) , suggesting 43 that they may have evolved similar strategies to target mRNA. Moreover, each triggers 44 mRNA degradation by a primary endonucleolytic cleavage (1, 4, 10) . In the case of 45 KSHV SOX, this enables recruitment of the cellular Xrn1 5'-3' exonuclease, which then 46 on January 20, 2018 by guest http://jvi.asm.org/ Downloaded from 5 B), indicating that non-translatable RNAs are not targets for these proteins within cells. 70
In contrast, the co-transfected Pol II-driven GFP was readily degraded by all the viral 71 factors. These data confirm a link between translational competence of an RNA and its 72 ability to be targeted in cells by each host shutoff factor. 73
We also sought to examine whether mRNA targeting occurred before or after 74 ribosome recruitment. In reticulocyte lysates, nsp1 has been shown to bind directly to the 75 40S ribosomal subunit to mediate mRNA cleavage (10), whereas ribosomes are 76 dispensable for vhs activity (4). It is not known whether the other viral factors target 77 mRNAs before or after ribosome engagement in cells. To test this, we cloned a strong 78 hairpin (hp7 (12)) directly adjacent to the 5' cap (3 nt downstream of the predicted 79 transcription start site) of the pd2-eGFP-N1 reporter mRNA (hp-GFP). Placement of 80 hairpins close to the cap has been reported to block ribosome 40S subunit binding to 81 RNAs (12), and we found that the hairpin completely blocked translation from the hp-82 GFP mRNA (Fig. 2B) . Surprisingly, all of the host shutoff factors except nsp1 were still 83 able to degrade hp-GFP ( Fig. 2A) . This suggests that the host shutoff factors from the 84 alpha-and gammaherpesviruses are recruited specifically to mRNAs in a ribosome-85 independent manner. For vhs, this could occur via its reported interactions with the 86 initiation factors eIF4H and eIF4A (5, 16). In contrast, nsp1 is likely recruited to RNA 87 through its interactions with the 40S subunit (10). Although it is possible that the hairpin 88 location masks the region of the mRNA where cleavage occurs in nsp1-expressing cells, 89
we disfavor this hypothesis because nsp1 has been shown to promote cleavage within 90 secondary structures (8). We also considered the possibility that the hairpin does not 91 inhibit nsp1-induced cleavage, but instead blocks subsequent 5'-3' exonucleolytic 92
on January 20, 2018 by guest http://jvi.asm.org/ Downloaded from 6 degradation of the message by Xrn1 (see below). However, RNA degradation was 93 reinstated when the same hairpin was moved to 23 nt downstream of the predicted 94 transcription start site to block ribosome scanning but not binding (12) (hp23-GFP; 95 Figure 2C ), indicating that the hairpin structure itself does not impede degradation. We 96 confirmed that GFP protein production was blocked as predicted by hp23 (data not 97 shown). 98
Finally, we evaluated whether, similar to KSHV SOX, the other host shutoff 99 factors also engage the cellular Xrn1 nuclease to complete degradation of the 100 endonucleolytically cleaved mRNAs. We first tested this using a GFP construct 101 containing a flavivirus-derived Xrn1 blocking element (SLII (17)) in its 3' untranslated 102 region (UTR) (Fig. 3A) . This construct was used previously to demonstrate that Xrn1 103 participates in the degradation of cleaved mRNA fragments in KSHV SOX-expressing 104 cells (1). After co-transfection of HEK293T cells with the GFP-3'SLII reporter and each 105 host shutoff factor, total RNA was extracted and Northern blotted with a 32 P-labled probe 106 against the GFP 3' untranslated region (UTR). Sequences following the SLII should be 107 protected specifically in cases where Xrn1 activity is required for complete degradation 108 of the cleaved mRNA. As shown in Fig. 3B , a protected fragment was visible in cells 109 expressing each of the host shutoff factors, indicating a role for Xrn1 in exonucleolytic 110 degradation of the mRNA body after the primary endonucleolytic cleavage. To confirm 111 this observation, we examined degradation of two different reporter mRNAs by each 112 viral protein in cells subjected to siRNA-mediated depletion of Xrn1. HEK293T cells 113 were transfected twice as described previously (1) with the indicated siRNAs and then, 114 7 of GFP (sGFP; used to achieve sufficient resolution of the degradation intermediates) or 116
DsRed2. Under these conditions, we routinely observe 60-80% knockdown of Xrn1 117 protein (data not shown). Degradation of sGFP and DsRed2 was visualized by Northern 118 blotting total RNA with 32 P-labeled probes directed against the 3' UTR of each reporter. 119
In agreement with the GFP-3'SLII results, depletion of Xrn1 altered the mRNA 120 degradation profile in each of the samples containing the host shutoff factors (Fig. 4A  121 and B). The degradation profile followed one of two patterns upon Xrn1 depletion: either 122 there was stabilization of near full-length mRNA, or there was an accumulation of 123 degradation intermediates of differing sizes, perhaps depending on the location of the 124 primary cleavage. The first scenario was observed in cells expressing nsp1 and muSOX, 125
and we hypothesize this occurs as a result of the primary endonucleolytic cleavage being 126 close to the 5' end of the mRNA, consistent with previous reports of nsp1 activity in cell 127 lysates (8). The second scenario was seen in cells expressing SOX, BGLF5, and vhs. It is 128 interesting and unexpected that SOX, muSOX, and BGLF5 produced different 129 degradation patterns given that these proteins are homologous (muSOX is 40% identical 130 to both SOX and BGLF5). This suggests that even among highly related proteins distinct 131 sequences or elements may direct cleavage. 132
In conclusion, comparison of these host shutoff factors shows that the overall 133 mode of action is remarkably similar, but the specific molecular mechanisms bear 134 significant differences (Fig. 4C) . All factors selectively target RNAs that are transcribed 135 by RNA polymerase II but likely employ different strategies to identify these RNAs. 
